Abstract To achieve the role of the kidney in maintaining body homeostasis, the renal vasculature, the glomeruli, and the various segments of the nephron and the collecting duct system have to fulfill very diverse and specific functions. These functions are dependent on a complex renal architecture and are regulated by systemic hemodynamics, hormones, and nerves. As a consequence, to better understand the physiology of the kidney, methods are necessary that allow insights on the function of these diverse structures in the physiological context of the intact kidney. The renal micropuncture technique allows direct access to study superficial nephrons in vivo. In this review, the application of micropuncture techniques on the single nephron level is outlined as an approach to better understand aspects of glomerular filtration, tubular transport, and tubulo-glomerular communication. Studies from the author's lab, including experiments in gene-targeted mice, are briefly presented to illustrate some of the approaches and show how they can further advance our understanding of the molecular mechanisms involved in the regulation of kidney function. . Wearn and Richards had developed and applied the method of micropuncture in frogs. The work provided the first experimental evidence that macromolecules like proteins were excluded from the glomerular fluid in Bowman's space. Moreover, they reported that concentrations of glucose, chloride, potassium, urea, and pH in glomerular fluid were essentially identical to the aqueous phase of plasma. These findings supported the concept proposed earlier by Ludwig that tubular fluid is formed by a process of ultrafiltration across a capillary, which excluded large proteins [38, 39] . Wearn and Richards also provided first evidence for tubular reabsorption in as much as the bladder urine was free of sodium chloride and glucose [83] . Subsequently, Richards and Walker developed methods for micropuncturing surface nephrons in Necturus and frogs and perfused proximal or distal convoluted tubules in situ [46] , and Walker and Hudson showed that glucose was reabsorbed from the proximal convoluted tubule [80] . In 1941, Walker and colleagues successfully applied micropuncture in the mammalian kidney [81] and basically confirmed the above findings in Necturus and frog. In addition, they showed that at least two thirds of the filtered fluid is reabsorbed by the proximal tubule, the latter in an isosmotic way. In comparison, the chloride concentration in the proximal tubule increased to a value 1.4-fold higher than plasma, and they suggested that bicarbonate could have preferentially been reabsorbed over chloride [79] . Subsequent milestones included the micropuncture demonstration by Gottschalk and Mylle in 1959 [24] that tubular fluid at the tip of the long loops of Henle is hypertonic and isosmotic with both the blood in the vasa recta and urine in adjacent collecting ducts at the same level of the papilla during antidiuresis.
Together with previous work by Wirz, Hargitay, and Kuhn [86] [87] [88] these findings provided decisive evidence for the countercurrent hypothesis of urine concentration. Micropuncture continued to play a critical role for gaining further insights in renal physiology. To name a few, Thurau and Schnermann in the mid-1960s described the regulation of nephron filtration rate by tubuloglomerular feedback [47, 60] , whereas in the early 1970s, Brenner and Blantz had started to use micropuncture to perform a complete analysis of the physical factors determining the glomerular filtration rate (GFR) [4, 8] . To gain the insights outlined in this introduction, it was essential to study the diverse renal structures in the physiological context of the intact kidney.
In recent years, the availability of gene-targeted mice provided a new opportunity to better understand the molecular determinants of kidney function. While there is a new need for the application of micropuncture and microperfusion techniques, the number of physiologists competent of performing these challenging techniques is decreasing. In this review, the in vivo application of micropuncture techniques on the single nephron level, to study aspects of glomerular filtration, tubular transport, and tubulo-glomerular communication, is described. The review reflects the author's experience and the methods that worked for him. Studies from the author's lab, including experiments in gene-targeted mice, are briefly presented to illustrate some of the approaches. The interested reader is referred to previous reviews on micropuncture techniques [20, 23, 84, 85] including special considerations for the mouse [36, 42, 61] .
General considerations Renal micropuncture provides the unique opportunity to study single nephron function in the intact kidney and thus in the context of the complex renal architecture and the regulation by systemic hemodynamics, hormones, and nerves. However, the application of micropuncture techniques is difficult considering the need for microsurgery, careful preparation of the kidney, and direct puncturing of the small kidney structures. In addition, the analysis of nanoliter volumes is challenging. As a consequence, micropuncture studies can be prone to generating substantial data scatter and thereby inconclusive data. Significant experience is necessary for the generation of reasonable micropuncture data and their interpretation. Considerations to keep in mind for data interpretation include the fact that micropuncture is performed on the subgroup of superficial nephrons, whereas deeper nephrons are not accessible. Micropuncture is done in certain species, now mostly rats and mice, and extrapolation to other species such as humans must be made [mice are chosen because of lower costs (e.g., compared with dogs) and especially because of the possibility of selective genetargeting; see below]. Moreover, micropuncture requires surgical preparation and the presence of anesthesia, both of which can affect kidney function.
Animal and kidney preparation for micropuncture Rats are usually anesthetized with thiobutabarbital (Inactin®, 100 mg/kg intraperitoneally) providing adequate relaxation for the course of an entire experiment. In mice, inactin is not sufficient as a single anesthetic, but requires combination with ketamine (100 mg/kg i.m.). Gas anesthesia using halothane or isoflurane is another option that may interfere less with vascular reactivity [34] . Body temperature must be monitored and regulated by heat application since both rats and mice rapidly cool off during anesthesia. We adjust the rectal temperature in the rat to 37°C and to 37.5-38°C in the mouse using a temperature-controlled operating table (e.g., Klaus Effenberger, Med.-Tech. Gerätebau, Pfaffing/ Attel, Germany; Vestavia Scientific, Birmingham, AL, USA). A tracheostoma is placed to facilitate breathing. To replace surgical fluid losses, animals typically receive an electrolyte maintenance infusion, but the exact protocol to achieve "euvolemia" varies between laboratories. Infusion rates are in the order of 0.5-1 ml/h/100 g in rats and 1-1.5 ml/h/100 g in mice, and infusion solutions are electrolyte solutions with the addition of a colloid (for example 4 g/dl albumin).
Critical for successful micropuncture is to prevent movement of the kidney (e.g., from breathing of the animal) without impairing renal blood flow or compressing the kidney. Figure 1 illustrates the preparation of the left kidney (its vessels are longer than those of the right). After completion of the preparation, a piece of parafilm sparing the kidney holder is placed on the animal to close the opening and prevent body fluid and heat loss. In such a preparation, kidney function is stable for several hours in the rat, but limited to ∼1-2 h in mice.
Identification of kidney structures accessible by micropuncture on the kidney surface Using a stereomicroscope with magnification to at least ×150 (working distance of 2-3 cm is important for introduction of micropipettes) and a fiber optic light guide provides a view on the kidney surface similar to Fig. 2 . The structures seen include tubules, peritubular capillaries and, in young animals or rat strains like MunichWistar or Munich-Wistar-Fromter, also glomeruli (approximately two to ten accessible to micropuncture; the Munich-Wistar-Fromter strain needs special caution since it represents a genetic model with an inherited nephron deficit exhibiting mild hypertension and progressive albuminuria). Most of the tubular structures are proximal tubules (S1 and S2) with some distal convoluted tubules, connecting tubules and a few collecting ducts, with practically all segments deriving from superficial nephrons. About 60-80% of the nephrons with accessible proximal tubular surface loops have also an accessible distal segment on the kidney surface. Importantly, segments from deeper nephrons do not gain access to the kidney surface. As a consequence, most micropuncture experiments are performed in tubular structures from superficial nephrons only. Potential functional differences between nephron populations (e.g., between juxtamedullary and superficial nephrons) have to be considered [31, 33] . Fig. 1 Preparation of the kidney for micropuncture experiments. a Following a flank incision, the perirenal fat and adrenal gland are carefully separated from the kidney. Without applying tension or torsion, the kidney is carefully overturned and placed in a Lucite cup such that the dorsal kidney surface faces up (b). In rats and mice, the kidney capsule should not be removed as it provides protection and stabilizes inserted micropuncture pipettes. c In the rat, the ureter is catheterized for collection of urine; this is less useful in mice because of a tendency of catheters to obstruct. To immobilize the kidney, the Lucite cup is lined with moleskin (d) and cotton soaked in saline is carefully placed around the kidney. Two to three percent agar is dripped onto the cotton to prevent leakage of the superfused mineral oil (37°C) and establish an oil layer over the kidney surface of 1-2 mm (to keep the kidney surface warm and protected). Adapted from [5] Glass capillaries (outer/inner diameter ∼0.9/0.5 mm; e.g., Warner Instrument, Hamden, CT, USA; WPI, Sarasota FL, USA; Corning, Corning, NY, USA) are pulled, grinded, and mounted in a capillary holder that is placed on a micromanipulator (e.g., Leitz; Leica Vertrieb GmbH, Bensheim, Germany). The capillary holder is connected to an air-filled glass syringe by polyethylene tubing. Applying pressure or suction via the glass syringe allows infusing or withdrawing fluid through the capillary tip. A nephron is identified by puncturing the Bowman space (when superficial glomeruli are accessible) or a long proximal tubule segment with a pipette containing stained artificial tubular fluid (ATF; see Table 1 ), and observing staining of downstream loops (Fig. 2) . Table 2 provides a list of suggested outer diameters for micropuncture capillaries used for the different applications. The tips of the capillaries are grinded and sharpened for easier puncturing of the target structures. The orientation of the opening is marked on the capillary during grinding. For most applications, the target structures are punctured with the opening of the grinded tip facing up. The opening of a capillary to collect blood from peritubular star vessels, however, faces down; this facilitates the collection of blood, which flows perpendicular from the depth of the kidney to the kidney surface and thus directly into the capillary.
Collection of tubular fluid The collection of tubular fluid is an important method for the assessment of glomerular filtration as well as tubular transport processes and therefore is introduced first. Tubular fluid is quantitatively collected from a proximal or distal tubular site using a pipette, the tip of which is filled with stained watersaturated oil (e.g., 2% Sudan black B-stained mineral oil). After puncturing the tubule, a small amount of oil is injected. The injected oil will start to move with the current of tubular fluid. An oil column with a length of about four to five tubular diameters is generated before suction is briefly applied via the glass syringe. This will initiate the collection of tubular fluid into the capillary, while the oil block in the tubule prevents downward escape. The aim is to obtain a quantitative collection of tubular fluid with minimal effect on tubular pressure. In general, this is achieved when the collection is performed in a "spontaneous" way that requires minimal manipulations of the glass syringe. In general, standard collection techniques do not alter intraluminal pressure significantly. Intentional reduction in intratubular pressure are not reflected by measurable changes in single nephron GFR when late proximal fluid collections are performed [11] . At the completion of the tubular fluid collection, the glass capillary is withdrawn from the tubule into the oil layer covering the kidney. A small amount of oil is aspirated and the collection thus sealed between oil.
The tubular flow rate (V TF ) is determined by transferring the collected fluid to a constant bore capillary (e.g., Hirschmann Laboratory Equipment, Louisville, KY, USA), connected to an air-filled glass syringe, to determine the total volume, which is divided by the collection time. The constant-bore capillary is preloaded with a drop of water-saturated oil, the collection pipette carefully inserted, and the oil column split by injecting the tubular fluid. Gentle suction is applied via the glass syringe as necessary when the fluid is transferred to prevent spilling at the injection side. The length of the tubular fluid column (packed between oil) is determined.
Measurement of SNGFR The GFR defines the filtered load to each nephron and is a critical determinant of renal transport work. In general, inulin is used to determine whole kidney GFR as well as single nephron GFR (SNGFR). About 120 μCi/h of [ I-iothalamate or FITC-labeled inulin have been used [37] . The tubular fluid is quantitatively collected [1, 11, 90] .
Mathematical model of glomerular hemodynamics
The micropuncture analysis of glomerular hemodynamics allows assessing the physical factors that determine glomerular filtration rate including the glomerular ultrafiltration coefficient (LpA). For a more extensive coverage see [5, 12, 56] . The approach has been extensively used in the rat but not yet in the mouse. Deen, Robertson, and Brenner developed a mathematical model for computing the physical determinants of SNGFR from micropuncture data [12] . This model treats the glomerular capillary as a circular cylinder of unit length, uniform permeability to water and small solutes, and zero permeability to protein. In this model, SNGFR is the product of LpA and the effective filtration pressure (EFP) integrated along the glomerular capillary:
where x is the axial position along the nondimensionalized glomerular capillary. EFP is the "Starling force" given by the difference between the hydrostatic pressure gradient (ΔP) driving glomerular filtration and the oncotic pressure of plasma proteins opposing filtration (B) (the protein concentration in Bowman space is ignored for simplicity):
ΔP is the difference in the hydrostatic pressure between the glomerulus (P GC ) and Bowman's space or proximal tubule P PT ð Þ : $P ¼ P GC À P PT . Whereas ΔP changes minimally along the glomerular capillary, the protein oncotic pressure B increases significantly as a consequence of glomerular filtration. B is calculated from the protein concentration (C) by a simplification of the relationship described by Landis and Pappenheimer [4] . C(x) is calculated with the boundary conditions C(0)=C A and C(1)=C E , with C A and C E being the afferent/preglomerular and efferent/postglomerular plasma protein concentration, respectively. The increase in B along the glomerular capillary can be computed from mass balance considerations for protein and water and, importantly, is dependent on the single nephron plasma flow SNPF. SNPF is determined as: SNPF=SNGFR/SNFF, with SNFF being the single nephron filtration fraction. SNFF is given by the increase in C E versus C A as a consequence of glomerular filtration:
The specific profile of EFP and a value for LpA can be determined with a standard root-finding algorithm using the following input data: (1) single nephron plasma flow (SNPF), (2) ΔP, (3) C A , and (4) C E [4, 12, 56] .
Measurement of glomerular hemodynamics by micropuncture Based on the discussion above, the following parameters have to be directly assessed by micropuncture: SNGFR, P GC , P PT , C A , and C E , with secondary calculation of the others. Hydrostatic pressures in vessels and tubules are directly measured with a servo-nulling pressure device [5, 14] (WPI, Sarasota, FL, USA). This approach bases on an electrical Wheatstone bridge, the high resistance point of one arm being at the tip of a 1-to 2-μm micropipette that is filled with a 1.5-M NaCl solution. The hypertonic saline in the pipette has a much greater electrical conductivity than the tubular fluid or plasma. As a consequence, tubular fluid or plasma entering the capillary tip increases the total resistance of the electrical circuit. A pressure (and vacuum) source is linked to the micropipette to reset the total electrical resistance to a preset value. The required pressure corresponds to the hydrostatic pressure in the tubule or vessel that is punctured. In superficial glomeruli, P GC can be directly measured by puncturing the glomerular capillaries. Otherwise, P GC can be calculated from the stop-flow pressure (P SF ) measured in very early proximal tubules upstream of an obstructing wax block [using paraffin wax (semisolid at 42-44°C) and a hydraulic microdrive (e.g., Vestavia Scientific, Birmingham, AL, USA)]: P GC =P SF + B A with B A being the afferent or preglomerular oncotic pressure. To determine C A and C E , systemic arterial blood is sampled from an arterial catheter and efferent arteriolar blood by direct micropuncture of efferent "star" vessels on the kidney surface. Both afferent and efferent protein concentrations are measured by a microadaptation of the Lowry technique [5, 7] . Table 3 shows typical values for the physical determinants of SNGFR as determined by micropuncture in the rat under different volume states. Compared with other capillary systems, glomerular filtration is a process driven by a small pressure gradient through a highly water-permeable filter. Based on the outlined model, SNGFR can be increased by raising ΔP, SNPF, or LpA, or by reducing C A ; for a more detailed discussion see [56] .
Tubular transport In general, transport can be studied under free-flow conditions, i.e., glomerular filtration is intact, and endogenous tubular fluid is collected for further analysis. Alternatively, a tubular segment can be functionally isolated and microperfused with artificial tubular fluid or with endogenous tubular fluid harvested before. These two approaches are further outlined in the following.
Free-flow collection Intratubular factors that may derive from glomerular filtration and/or tubular secretion and that affect transport from the lumen are present in physiological concentrations and can be measured or inhibited. This approach has been critical in establishing the qualitative and quantitative contribution of the different segments to overall kidney function and revealed insights into complex intrarenal mechanisms, e.g., the urinary concentrating mechanism or urinary acidification [40] .
Timed and quantitative free-flow collections of tubular fluid can be made along the segments accessible to micropuncture; the collection technique is basically as described above for the determination of SNGFR. The collected tubular fluid is analyzed for SNGFR, V TF , and for the substance of interest X (TF X ). For the latter, defined volumes can be withdrawn from the sample in the constant bore capillary using pulled and calibrated glass pipettes (e.g., ∼1-2 nl). Table 4 provides a list of substances or parameters that can be measured by direct analysis in nanoliters of tubular fluid. The remainder of the collected tubular fluid sample is used to determine [ 3 H]-inulin and thus SNGFR taking into consideration the volume withdrawn for further analysis. In addition, the freely filtered concentration of X in plasma (P X ) is determined. This allows calculating the amount of X filtered in the glomerulus (SNGFR×P X ) and the amount that reaches the site of micropuncture (V TF ×TF X ). From these data, net absolute or fractional reabsorption or secretion (R/S) of X up to the site of micropuncture can be calculated. AVE Acute volume expansion, B A afferent or preglomerular protein oncotic pressure a Minimum estimates due to filtration pressure equilibrium. Adapted from [56] . The site of micropuncture can be defined as the first or last surface loop of proximal tubule on the kidney surface or the first or last surface loop of the distal tubule. The puncturing site or the length of the studied tubular segment can be measured more directly by marking sites of micropuncture with nigrosine or by filling the tubule after the functional analysis with a silicone rubber solution (Microfil; Flow Tech, Carver, MA, USA) and subsequent microdissection and measurement of the length [10, 79, 81] .
Free-flow reabsorption profiles Puncturing different sites along the nephron and analyzing urinary excretion at the same time allows generating a reabsorption profile along the tubular and collecting duct system. In this profile, the reabsorption between the last proximal and the first distal surface loop is an indirect measure for the reabsorption in the loop of Henle (plus early distal convoluted tubule if a nephron with no superficial glomerulus is punctured). Comparing the fractional reabsorption up to the last surface loop of the distal tubule and up to the urine can provide insights on transport in the collecting duct (see example below). Alternatively, the function of papillary structures such as the thin limbs of Henle's loop and the collecting duct can be determined by direct micropuncture. The golden hamster, kangaroo rat, or young Wistar rats have been used for that purpose since their papilla protrudes several millimeters into the renal pelvis, where they are accessible to micropuncture [24, 31] . For further details and considerations on free-flow collections see [9, 11] .
Reabsorption profiles can also be generated along one nephron segment accessible to micropuncture, i.e., along the proximal convoluted tubule or along the distal surface segments. This can be done by performing random fluid collections in these segments and using functional reference markers to further localize the site of tubular fluid collection along the segment. This is illustrated in two examples. In the first example, reabsorption profiles were generated along the proximal tubule. The fractional reabsorption of fluid was used as the reference marker with lower and higher values indicating collections in earlier and later segments of the proximal tubule, respectively. By relating the fractional reabsorption of glucose or K + to the fractional reabsorption of fluid, reabsorption profiles along the proximal tubule were generated for glucose and K + (see Fig. 3 ) [66] .
In the second example, a reabsorption profile was generated along the distal segments accessible to micropuncture. The Ca 2+ channel TRPV5 is a prominent candidate for active Ca 2+ reabsorption and expressed in the luminal membrane of the late distal convoluted tubule and the connecting tubule, i.e., in nephron segments directly accessible to micropuncture. Ca 2+ reabsorption was assessed by micropuncture in TRPV5−/− mice [25] .
Since K + secretion occurs along the distal segments accessible to micropuncture (together with water reabsorption in connecting tubule and cortical collecting duct), the distal luminal concentration of K + was used as a reference marker for the site of collection along the distal segments [25, 43] (see Fig. 4) . Alternatively, the ratio of K + over Na + can be used since the former is secreted and the latter reabsorbed along the distal segments [35] . Using functional reference markers is less tedious than identifying puncturing sites by microdissection but requires that the behavior of the reference marker is not different between the compared experimental conditions. In some situations, information on the local conditions or the local composition of the tubular fluid rather than the upstream reabsorption is important. Examples include the transepithelial potential (e.g., [16, 17] ), the composition of glomerular fluid [83] , or local concentrations of ions [67] or hormones [58] that act from the tubular lumen. Another example is the osmolality of tubular fluid as outlined before [24] and in the following. A hallmark of proximal tubule function is the near-isosmolar reabsorption of fluid and electrolyte [24, 79] . The water channel aquaporin-1 (AQP1) is expressed in the apical and basolateral membrane of proximal tubule cells, where it was proposed to provide an important water-selective pathway for transcellular fluid transport. Free-flow micropuncture was performed in mice + -glucose cotransport); the K + secretion is controlled by the regulatory β-subunit KCNE1 and mediated by an unknown K + channel in the early proximal tubule and by KCNQ1 in the late proximal tubule [65, 66] . Adapted from [66] lacking AQP1 and in wild-type mice to determine and compare the osmolalities in plasma and late proximal tubular fluid [73] (see Fig. 5 ).
Microperfusion to study transport A segment of interest (e.g., from early to late proximal tubule [69, 72] or from last proximal to first distal loop [27] [28] [29] 69] ) is perfused with a defined flow rate and solution. In general, the composition of the artificial tubular fluid is adapted to the composition of endogenous tubular fluid at the perfusion site ( Table 1 ). The great advantage of this approach is that the composition of the perfusate and the perfusion rate can be controlled and LPT (2) DS (1) A) B) Fig. 4 Reabsorption profiles of Ca 2+ along the nephron and along the distal segments using luminal K + concentration as a reference for puncturing sites. a Ca 2+ reabsorption was unaffected in TRPV5−/− mice up to the last surface loop of the proximal tubule (LPT); in contrast, mean Ca 2+ delivery to puncturing sites within the distal segments (DS) accessible to micropuncture as well as urine (U) was significantly enhanced in TRPV5−/− mice. *p<0.001 vs. TRPV5+/+. b The aim then was to try to directly assess Ca 2+ reabsorption along the distal segments. Luminal K + concentration was used as a reference for the puncturing site with low and high concentrations indicating early and late aspects of the DS, respectively. Whereas the Ca 2+ delivery profile indicated net reabsorption along the distal segments in TRPV5+/+ mice, fractional Ca 2+ delivery actually increased in TRPV5−/− mice, demonstrating a defect in Ca 2+ reabsorption along the distal segments. Finally, comparing the fractional Ca 2+ delivery in the late distal segment with the values in urine indicated significant compensation in the collecting duct of TRPV5−/− (consistent with expression of TRPV6 in that segment). Adapted from [25] + plasma LPT The transtubular osmotic gradient in late proximal tubular fluid (Δ osmolality). Δ osmolality, i.e., the difference in osmolality between plasma and late proximal tubular fluid, is about −12 mmHg in AQP1 wild-type (+/+) mice (i.e., a little more hypotonic in proximal tubular fluid) consistent with the principle that water follows the reabsorption of electrolytes. Δ osmolality of AQP1 knockout (−/−) mice was significantly increased to about −40 mmHg. This demonstrates the functional importance of the water channel AQP1 for nearisosmolar reabsorption in the proximal tubule and argues against a significant paracellular water reabsorption pathway and thus against a mechanism of solvent-drag in the proximal tubule. *p<0.001 vs. AQP1+/+. Adapted from [73] manipulated. After mapping of the nephron, an immobile wax block is inserted just upstream of the segment of interest. The segment upstream of the wax block is vented (by inserting a relatively large capillary). The segment just downstream of the wax block is punctured with a capillary filled with a defined stained perfusion solution and inserted into a servo-regulated microperfusion system ("nanoliter pump"; e.g., Wolfgang Hampel, Neu-Isenburg, Germany; Vestavia Scientific, Birmingham, AL, USA). These microperfusion systems can deliver fluid in the range of 0 to 40 nl/min with a precision of ∼±1-2 nl/min. After perfusion for a specific time (e.g., 1 min), a quantitative collection of tubular fluid is initiated and performed from the distal site of the perfused segment. The collection is analyzed for V TF and substances of interest. [ 3 H]-inulin can be added to the perfusion fluid and analyzed in the collected fluid. Since the inulin concentration in the perfusion fluid is known and inulin is not reabsorbed, it can be used for quality control (e.g., only collections that contain 100±5% of the expected amount of inulin are accepted) and to determine the "functional" perfusion rate. After finishing a first collection, the perfusion capillary can be withdrawn and a second perfusion system loaded with vehicle or an experimental substance inserted into the same whole, to repeat the measurements. This allows for paired comparisons, which minimizes the influence of variations in the perfused segment length. In general, the small oil block that is used for the first collection will be flushed downstream between collections.
Microperfusion has also been used to assess sodium reabsorption in the collecting duct. 22 Na is infused into the last surface loop of the distal tubule while urine is quantitatively collected and analyzed [3] .
Micropuncture analysis of tubuloglomerular feedback The tubuloglomerular feedback (TGF) describes a mechanism in which the tubular NaCl load is sensed at the end of the thick ascending limb by specialized tubular cells, the macula densa. These cells generate a signal to affect primarily afferent arteriolar tone, such that an inverse relationship is established between this tubular NaCl load and SNGFR of the same nephron [47, 60] . In doing so, the TGF helps to stabilize the NaCl load to further distal segments and contributes to autoregulation of renal perfusion and GFR. In the following, different approaches that have been used to study aspects of TGF by micropuncture are briefly outlined. For more details see [62, 71] .
Since the TGF mechanism is a single nephron event, studying TGF requires the use of techniques with single nephron resolution. One must produce a predictable change in NaCl concentration at the macula densa and measure the glomerular response, i.e., the change in SNGFR. Alternative indices to SNGFR include measurement of P GC or P SF (however, differences in the symmetry around the operating point have to be considered [55] ). Simultaneously, orthograde microperfusion of the loop of Henle is performed at various flow rates downstream from an obstructing wax block to alter the electrolyte concentration and thus the luminal TGF signal at the macula densa. To minimize the influence from transport in the loop of Henle, TGF can also be assessed by retrograde perfusion from the early distal tubule (see Fig. 6 ). This approach has also been used to indicate that luminal K + is part of the physiological TGF signal [67] . Because natural tubular flow is interrupted in this approach, this is called an open-loop approach.
A way to assess the ambient SNGFR-restraining influence of the macula densa is to determine the difference between SNGFR measured from distal tubular collections, i.e., under conditions of normal flow passing the macula densa, and SNGFR measured from proximal tubular collections, i.e., with interrupted flow to the macula densa and thus minimized TGF signal. This approach showed that the ambient SNGFR-restraining influence of the macula densa is missing in mice that lack the adenosine A 1 receptor [70] .
The physiological role of TGF is determined by its behavior at the natural operating point where changes in SNGFR to a given alteration in the macula densa signal are greatest. Insights on the behavior of TGF at the operating point are provided by closed-loop perturbation analysis: in a simple approach, the effectiveness of the TGF system is The TGF response was assessed as the change in SNGFR (by paired proximal collections) during retrograde perfusion of the macula densa segment from the early distal tubule with artificial tubular perfusate containing either 10 or 50 mM NaCl to induce minimum and maximum stimulation of TGF. The fall in SNGFR observed in control experiments was completely absent when the local adenosine A 1 receptor (A 1 R) activation was "clamped" by pharmacological inhibition of adenosine generation and adding back constant amounts of an A 1 R agonist. These data indicate that local adenosine concentrations must fluctuate for normal TGF to occur, indicating that adenosine is a mediator of TGF. Adapted from [54] assessed by measuring early distal Na + delivery and SNGFR with or without adding small amounts of ATF to the late proximal tubule under free-flow conditions. Adding ATF to late proximal tubular fluid will increase the NaCl concentration at the macula densa; this will activate TGF and lower SNGFR thereby stabilizing distal NaCl delivery. Application of this approach showed that the ability to stabilize distal Na + and fluid delivery is impaired in mice lacking the adenosine A 1 receptor [70] . Alternatively, late proximal tubular flow rate is perturbed in free-flowing nephrons by adding or subtracting small amounts of fluid to the late proximal tubule, while the response in tubular flow rate just upstream from the perturbation is simultaneously measured by a noninvasive optical method [26] . Using this elegant approach, the homeostatic efficiency of the TGF system to stabilize late proximal tubular flow rate against positive and negative perturbations is determined. This approach also provides information on the efficiency of the system to stabilize SNGFR or P GC . Application of the approach in the rat revealed that TGF efficiency at the natural operating point is attenuated in diabetes mellitus [64] . This could contribute to the development of diabetic glomerular sclerosis by exposing the glomerular mesangium to greater fluctuations in P GC and thus greater physical stress. This last method has not been applied in the mouse due to the relatively low ambient flow rates.
Finally, the TGF can be used as a tool to manipulate SNGFR in order to discriminate "primary" changes in proximal reabsorption from changes due to glomerulotubular balance (GTB). GTB refers to the load-dependent reabsorption in a nephron segment. To test for primary effects on tubular reabsorption, i.e., effects not explained by GTB, one must control for differences in load delivered to the tubule by glomerular filtration. To accomplish this, TGF can be used as a tool for manipulating SNGFR so that net proximal reabsorption could be determined as a function of SNGFR in each nephron. This approach has been used to show (1) that there is a primary increase in proximal reabsorption in diabetes mellitus independent of glomerular hyperfiltration [57] and (2) that high salt intake does not lessen proximal tubular reabsorption or the influence of angiotensin II; high salt lowers angiotensin II in plasma and whole kidney, but increases the concentration in proximal tubular fluid. These unexpected observations indicate that the role of proximal tubular angiotensin II in salt repletion is to stabilize nephron function rather than contribute to salt homeostasis [58] .
Perspectives Many basic aspects of kidney physiology and pathophysiology are still poorly understood. Whereas we have some ideas about the physical determinants of glomerular filtration under physiological conditions, still very little is known about the molecular determinants and in disease states. Determining glomerular hemodynamics in gene-targeted mice or pathophysiological models is challenging but potentially rewarding. Many questions remain with regard to renal transport pathways, their regulation, and their quantitative contribution under physiological conditions and in disease states. For example, we assume, based on pharmacological studies and limited immunohistochemical evidence, that it is the Na + -glucose cotransporters SGLT2 and SGLT1 that are critical for the near quantitative glucose uptake across the apical membrane of the earlier and later aspects of the proximal tubule, respectively. Micropuncture studies along the proximal tubule in gene knockout mice could provide direct evidence in this regard. Moreover, micropuncture in wild-type and gene knockout mice may help to quantitate functional changes of these transporters under pathophysiological conditions like diabetes. These Na + -glucose transporters are electrogenic and induce compensatory K + fluxes out of the cells but, as mentioned above, we have not identified the molecular nature of these K + pathways in the early proximal tubule where most glucose is reabsorbed. Performing in vivo micropuncture on gene-knockout mice for candidate genes could provide answers. Similar approaches can be applied to assess the functional relevance of candidate genes for the regulation of transport processes like kinases or phosphatases. An important advantage of micropuncture is that the kidney is no longer a black box but that we can gain relevant qualitative and quantitative information on transport processes along the intact nephron. For example, downstream segments may compensate for a defect in the proximal tubule, and total renal reabsorption and excretion are normal; the micropuncture approach, however, may still demonstrate the proximal defect and provide relevant quantitative insights.
We know little about the tubular fluid as a medium that helps to communicate between nephron segments and that coordinates transport functions along the nephron. Examples include the luminal angiotensin II system or the highly dynamic ATP-ADP-AMP/cAMPadenosine system [63] . Micropuncture studies to measure and manipulate endogenous luminal factors in the intact tubules provide an important opportunity to better understand their physiological and pathophysiological relevance.
Another important domain of renal micropuncture includes the TGF system. We still know relatively little about the importance of the TGF system for body homeostasis. For example, what is its quantitative role in short-term and long-term adaptation of salt homeostasis and blood pressure regulation? Does TGF resetting serve to increase early distal tubular salt delivery thereby facilitating salt excretion? What are the molecular determinants of TGF resetting? Interesting gene-targeted mouse models for that purpose are now available (e.g., for adenosine A 1 receptor or nitric oxide synthase 1).
Application of micropuncture techniques in the intact kidney will remain a gold standard to answer questions related to renal physiology and pathophysiology. The use of gene-targeted mouse models and the combination with studies in isolated segments and studies on the cellular and molecular level promises a powerful but challenging approach. The identification of functionally relevant questions requires an integrative understanding of renal function and the outlined approach requires a strengthening of collaborative efforts between experts of these methods. Potentially helpful developments also include the combination of micropuncture with new imaging techniques such as multiphoton microscopy, which along with the development of new fluorescent probes and innovative computer software may allow new insights on intracellular parameters in vivo and in real time mode (for review see [2, 49] ).
